In this paper, we make use of the Galerkin method along with the Green´s function method to analyze structures of InGaAs/GaAs strained quantum wells. The optical absorption coefficient is calculated and the achieved agreement with published experimental data is significantly better than previously reported predictions, thus providing a stronger confirmation of the validity and accuracy of the theoretical model. In addition, the computational efficiency is remarkably improved with the developed procedure.
INTRODUCTION
The development of quantum well (QW) structures has strongly influenced the developement of a great variety of optoelectronic devices such as electroabsorption modulators, detectors, lasers, and waveguides. In this context, strained layer quantum wells play an important role because of their interesting properties arising as a result of lattice mismatch. A growing interest exists in the use of nonsquare quantum wells with a nonlinear graded bandgap profile, such as those produced by thermal interdiffusion of In and Ga in In x Ga 1-x As/GaAs quantum wells. Interesting fundamental quantum-mechanical phenomena can be controlled experimentally by tailoring the band structure of the semiconductor heterojunction profiles. The interdiffusion process modifies the originally square quantum well into an error-function compositional profile, and this leads to important changes in the energy bandgap and the heavy hole (HH)-light hole (LH) energy splitting caused by the strain effects. These changes in the optical properties of interdiffused QWs produce an overall blue shift of the optical absorption edge that provides a wavelength tuning range useful for optoelectronic applications.
In a previous work [1] , we presented a model to show the influence of the diffusion length and the As-grown Indium mole fraction and well width on the absorption characteristics of the quantum structures. The model takes into account both the continuum and bound states due to the Coulomb interaction between electrons and holes in the excitonic absorption spectrum.
To model the polarization-dependent optical absorption in this type of heterostructure we used an exciton Green's function approach. Such a model is quite general and can be applied to some degree of approximation to a quantum well potential with an arbitrary profile. One limitation of the model is the parabolic band structure with no valence band-mixing accounted for. However, the compressive strain in the pseudomorphic heterostructure and the corresponding separation between the heavy-hole and light-hole bands greatly reduces the band mixing effects.
The model can be summarized in a two-step sequence: (1) The allowed energy levels for each subband (and the corresponding associated wavefunctions) are calculated taking into account both disordering and strain effects, but not the exciton effects due to the coulombic attraction between electrons in the conduction band and holes in the valence band. In this stage, all the carrier effective masses are considered to be x-dependent, i.e., z-dependent (see Figure 1) . (2) The necessary corrections in the energy values due to the coulombic interaction are obtained through a momentum-space exciton equation.
(FIGURE 1)
Step 1 was implemented previously by the transference-matrix method (TMM). In general, TMM is a simple method, but not always accurate. Moreover, it breaks down when complex structures with many wells are analized.
In this paper we shall analyze a single quantum well yet we shall use the Galerkin method [2, 3] to calculate the first estimate of the energies and wavefunctions; as we shall see, this will result in a significant improvement over the TMM performance. For most of the different material parameters involved in the analysis we shall employ expressions and data from the literature [4] [5] [6] [7] . For example, we considered an initial 70:30 conduction:valence band discontinuity ratio (Q c : Q v ) [6] . The x-dependence for the unstrained band gap energy is [7] : 2 (300 ) 1.433 1.554 0.475
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Other parameters, such as the excitonic linewidth and the relative dielectric constant for the In x Ga 1-x As material, have been estimated by us. Hereafter it will be understood that, when no reference is provided for an expression or parameter value, it has been calculated by the authors [1, 8] . See also Table 1 for a summary of some of the parameters used.
(TABLE 1)
THEORY
Starting from an As-grown quantum well with a square potential, the disordering introduced by the interdiffusion process results in a graded compositional profile that is approximated by an
where L z is the As-grown width of the well, z is the growth direction and 0 x is the As-grown In mole fraction in the center of the well, 0 z = (see Figure 1 ).
The energy levels and the wavefunctions will first be calculated by the Galerkin method.
Next, the excitonic correction will be computed through the following momentum-space exciton equation:
Equation (3) is solved by a Green's function-based method [10] . Green's method permits to compute the absorption coefficient easily well beyond the first absorption peaks, to include C-HH2, C-LH2 and even further; we have verified this feature experimentally with square wells [8] 5 and, from our numerical simulations, we expect the method to have the same robustness for disordered wells as well. For the Green's method, a reduced effective mass is used:
Asigning to each transversal effective mass its value at the center of the well (for the corresponding sub-band) would be very accurate for a square quantum-well with large barriers and wavefunctions strongly confined inside the well, where we can assume that the mass is 
The system we analyze is a 100 Å In 0.2 Ga 0.8 As square well between two large GaAs barriers. The introduction of the interdiffusion effects results in a graded mismatch between the lattice parameters in the pseudomorphic heterostructure. Both the interdiffusion and the compressive strain modify the confinement profiles and the interband transitions. In Figure 1 the solid line shows, first, the changes applied to the 'initially unstrained' bandgap (the square profile)
showing the effects of disordering (eq. (2)). Then we introduce the effects of strain and spin-orbit coupling. This is done in two steps also sketched in Figure 1 (note that, for better definition, the bandgap energy in this figure is not in scale with the depth of the confinement wells). We introduce the effect caused by the biaxial component of strain (hydrostatic strain) first:
where ( ) a x is the hydrostatic deformation potential, c 11 and c 12 are the stiffness constants, and 
This splits the formerly common HH and LH confinement profiles (removing the degeneracy of the parabolic bands at Γ) while there is no further change in the conduction confinement profile.
For the total conduction-valence bandedge transitions we have
3. RESULTS Figure 2 shows the wavefunctions of the first two energy levels in the conduction band. The differences between using the TMM and the Galerkin method are negligible. A similar behavior is shown by the HH and LH wavefunctions. Table 2 lists the energy levels as computed by both methods, indicating the percentage of error.
(FIGURE 2)
(TABLE 2)
In Figure 3 , the absorption spectra are plotted for several values of d L . Such spectra have been calculated as explained in [10] , with the wavefunctions and energies computed both by the TMM and Galerkin method. Figure 3 
CONCLUSIONS
The use of Galerkin's method has led to more accurate, reliable results, unveiling previous numerical defficiencies. Galerkin's method has better performance to accurate compute energy levels and wavefunctions of higher order than the TMM, which explains the differences observed in the absorption curves. This provides support to the theoretical methods developed from [9] , as the major quantitative discrepancies between measurements and computations were due to the deficiencies of the numerical approach rather than to the physical models used. Very good agreement is achieved with other results previously reported in the literature [5, 11] .
Moreover, the presented method has the added benefit of a significantly improved computational efficiency as compared with other methods.
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